Most current strategies for bone regeneration have relatively satisfactory results. However, there are drawbacks and limitations associated with their use and availability, and even controversial reports about their efficacy and cost-effectiveness. The induction of new bone formation through distraction osteogenesis (DO) is widespread clinical application in the treatment of bone defects, limb deformities, and fracture nonunions. However, a lengthy period of external fixation is usually needed to allow the new bone to consolidate, and complications such as refracture at the distraction gap often occur. Although various biomaterials have been used as injectable delivery systems in DO models, little has been reported on the use of nanobiomaterials as carrier materials for the sustained release of growth factors in bone regeneration. One area of focus in nanotechnology is the delivery of osteogenic factors in an attempt to modulate the formation of bone. This review article seeks to demonstrate the potential of nanobiomaterials to improve biological applications pertinent to osteodistraction.
INTRODUCTION
The most common form of bone regeneration is fracture healing, during which the pathway of normal fetal skeletogenesis is reactivated. [1] However, with substantial loss of bone tissue the regenerative process is compromised, as is seen in cases of avascular necrosis and osteoporosis. These challenging situations often necessitate the augmentation of natural bone repair.
Distraction osteogenesis (DO) is a method of producing large quantities of bone using local host tissues stimulated by mechanical distraction forces. After an osteotomy the continuously enlarging gap is filled with living bone via intramembranous ossification of the newly built bone. [2] The main advantage of DO is that it can achieve regeneration of living bone with the same strength and width as that of the native bone. Peripheral nerves, vessels, muscles, tendons, ligaments, and skin are also gradually lengthened in proportion to the lengthening bone. [3] DO has been widely used for the treatment of leg-length discrepancy, nonunion, traumatic bone defect, deformity, musculoskeletal tumor and osteomyelitis. [4] Recent discoveries have highlighted that nanotechnology may universally augment all materials used for regrowing bone. [5] Nanotechnology, a new focus in the area of biomedical research, involves the visualization, manipulation, and fabrication of materials on the smallest scales, in dimensions of 1 µm down to 10 Å. The unique feature of this nanotechnological approach is that it enables consideration of the spatial and temporal levels of material organization in order to develop appropriate hierarchical structures. These nanomaterials have shown superior properties over their conventional counterparts owing to their distinctive nanoscale features and novel physical properties. [6] [7] [8] Currently, applications of nanomaterials in osteodistraction include the use of nanofilms and nanoparticles to protect against infection in surgical implants, and the use of engineered surfaces to improve bone healing and formation and to assist in osteogenesis via the distribution of osteogenic factors. This review seeks to demonstrate the potential of nanobiomaterials to augment biological applications pertinent to osteodistraction.
NANOFEATURES INFLUENCE CELL BEHAVIOR
The topography of nanomaterials (e.g. pores, ridges, grooves, fibers, nodes, and combinations of these features) is known to significantly influence cell behavior. [9] Furthermore, implant surface chemistry plays a critical role in deciding the performance and success of these devices. The interaction of four proteins -fibronectin, vitronectin, laminin, and collagen -is known to enhance osteoblast function on nanomaterials compared to conventional materials. [10] Proteins and other biomolecules that dynamically adsorb to biomaterial surfaces upon implantation can trigger nonspecific inflammatory responses, which can limit integration of the device and influence in vivo performance.
The wettability of a nanomaterial can significantly alter cell behavior. The surface composition, surface treatment, surface roughness, immobilization of various chemical agents to the surface of the implant or biomaterial, and the presence of nanofeatures on the surface, alter surface wettability and affect cell behavior. [9] Increased surface wettability, or hydrophilicity, has been associated with enhanced protein adsorption, and consequently, cell adhesion on biomaterials. The ability to synthesize and process nanomaterials with tailored structures and topographies to direct subsequent functions of specific cell lines provides potential for the design of novel proactive biomaterials that could improve the efficacy of bone implants.
OSTEODISTRACTION AND NANOTECHNOLOGY
Although DO with an external fixator has become a popular method of treating cases with substantial bone loss, it is not without complications [ Figure 1 ]. One of the major drawbacks of this method is that it is time-consuming and the ring fixator must be maintained in situ until full consolidation of the bone. This is inconvenient and even uncomfortable for the patient. [11] Further, Paley [12] reported pin tract infections in 36% of patients, and Karger et al. [13] noted joint contractures in 65% of patients when the limb was lengthened by 24% (7 cm) of its initial length.
Advances
in nanotechnology have stimulated investigations into cell-substrate interactions from the microscale to the nanoscale. Using this technique, it is now possible to fabricate advanced materials with more favorable properties for orthopedic applications. There have been quite a few reports in the literature investigating the usefulness of various nanomaterials for reducing the risk of implant-associated infections and accelerating the bone healing process.
NANOCOMPOSITES FOR BONE TISSUE REGENERATION
The introduction of polymer nanocomposites into bone tissue engineering allows the complex architecture of native bone tissue to be mimicked, providing a novel and practical approach to the massive production of materials for bone tissue engineering. [8] Synthetic or natural polymer matrices offer a wide range of mechanical properties and exhibit different biodegradation features, whereas various inorganic nanoparticles provide bioactivity. Furthermore, their integration makes it possible to fabricate materials that mimic the structural and morphological organization of native bone. Although there is great potential to improve current biomaterials and develop advanced nanocomposite scaffolds for bone regeneration, each of these materials has specific drawbacks. for bone tissue regeneration because of the excellent combination of bioactivity and osteoconductivity of bioceramics with the flexibility and shape controllability of polymers. Such nanocomposites are also able to closely mimic the microstructure of bone. These composites have shown a better cell response than conventional composites, depending on different factors, such as material composition, fabrication method, microstructure and mechanical properties of the composites, among others. Nonbiodegradable polymers have been used in bone tissue engineering for their better mechanical properties and chemical stability than biodegradable polymers. However, some of these polymers, such as polyethylene, polypropylene and poly (etherether ketone), demonstrate severe immune responses.
Bioceramic

Bioceramic/natural polymer nanocomposites for bone regeneration
Natural biopolymers (e.g. chitosan, collagen, HA, silk fibroin, and calcium phosphate) are currently of interest in tissue engineering because their biological recognition may positively support cell adhesion and function. However, these polymers have poor mechanical properties. HA-reinforced natural polymers exhibit much better mechanical and biological properties, and thus may resolve many of these difficulties.
Carbon nanotube/polymer nanocomposites for bone regeneration
Carbon nanotubes (CNTs) have excellent mechanical properties, a highly specific surface area and a low density, which makes them ideal for the fabrication of tissue engineering scaffolds with polymers. The addition of CNTs to a polymer helps cell growth and promotes cell attachment, proliferation and differentiation. The cytotoxicity of CNTs is still obscure, but their toxicity can be reduced when incorporated into a polymeric matrix, thus making it possible to fabricate CNT -polymer nanocomposites for bone tissue engineering. However, the long-term toxicity of CNTs in human tissue and their influence on bone remodeling need further investigation.
IMPLANT-ASSOCIATED INFECTION AND NANOTECHNOLOGY
Implant-associated infection is one of the most serious complications in orthopedic surgery. Bone infections associated with foreign body materials are especially difficult to treat. Removal of the infected implants, long-term systemic antibiotic therapy, and multiple revisions with radical debridement are frequently required. [14] [15] [16] The consequences of infection can be devastating and may lead to prolonged hospitalization, poor functional outcome, sepsis, and even amputation. [17] Implant-associated infections are the result of bacterial adhesion to an implant surface and subsequent biofilm formation at the implantation site. [18] The formation of biofilm takes place in several stages, starting with rapid surface attachment, followed by multilayered cellular proliferation and intercellular adhesion in an extracellular polysaccharide matrix. [19] Biofilms are resistant to both the immune response and systemic antibiotic therapies.
Different surface modification strategies for orthopedic implants have been investigated, including (a) the addition of materials with desired functions to the surface; (b) the conversion of the existing surface into more desirable chemistries and/or topographies; and (c) the removal of material from the existing surface to create new relevant topographies. [20] The latter, which was tested during in vitro studies, provides the surface with a specific roughness to promote osteoblast proliferation and cell adhesion.
Coating metal implants with a bactericidal film would inhibit bacteria from colonizing implant surfaces and provide a high antibiotic concentration in a local region commonly known as a nidus for bacterial infection. [21] Different surface modifications and coating techniques can be used, such as direct impregnation with antibiotics and immobilization of an antimicrobial agent in a matrix capable of binding to different surfaces, [22] as well as coating with antimicrobial, active metals such as copper and silver, [23] nitric oxide-releasing materials [24] and titanium dioxide films. [25] Ainslie et al. [26] have shown in vitro that nanostructured surfaces display reduced inflammation in comparison with a respective flat control. Controlled drug release from the surfaces of implanted medical devices coated with nanostructured films is expected to yield additional advantages over conventional coatings. However, so far this approach has gained limited clinical use for orthopedic coatings.
Li et al. [21] developed biodegradable polypeptide multilayer nanofilms to potentially serve as antibiotic carriers at the implant-tissue interface. They demonstrated that polypeptide multilayer nanofilms, with or without cefazolin, have antibacterial activity against organisms frequently associated with osteomyelitis, and may improve bone healing through improving osteoblast cell adhesion, viability, and proliferation.
Etienne et al. [27] developed a strategy based on the insertion of an antimicrobial peptide (defensin) into polyelectrolyte multilayer films built by the alternate deposition of polyanions and polycations. Examination of Escherichia coli D22 growth at the surface of defensin-functionalized films revealed 98% inhibition when positively charged poly (l-lysine) was the outermost layer of the film, owing to the interaction of the bacteria with the positively charged ends of the film.
Diamond nanoparticles or nanodiamonds (ND) have recently gained significant attention for local drug release in the form of coatings. Recent studies of cell viability, such as the production of luminescent adenosine 5' triphosphate, have shown that ND are not toxic to a variety of cell types. [28] Huang et al. [29] have examined the cytotoxicity and anti-inflammatory response of dexamethasone-loaded ND nanofilms in vivo and found that the nanofilms are non-apoptotic and non-cytotoxic, with efficient drug-eluting characteristics, thus being of great interest as novel implant coatings.
Rauschmann et al. [30] have developed a bioresorbable composite of calcium sulfate and nanoparticulate HA for the local delivery of antibiotics to tackle bone infection. No in vitro cytotoxicity was noticed, and the composite material exhibited better biocompatibility than pure calcium phosphate. Owing to its high porosity, it revealed initial high antibiotic release followed by a subsequent decline, ensuring concentrations well above the respective minimal inhibition concentrations of gentamicin-and vancomyin-susceptible bacteria within the first 3-4 days.
Adams et al. [31] have examined the release of vancomycin from thin sol-gel films deposited on titanium alloy surfaces implanted in an animal model. The coatings exhibited a significant inhibiting effect against the adhesion and biofilm formation of Staphylococcus aureus.
Active coatings for the delivery of therapeutic molecules using the advantages of nanotechnology have a bright future. Implant-related microbial infection is a serious threat after orthopedic surgery. The literature review has revealed that an increasing volume of research is focusing on developing antimicrobial agents with high efficiency and controlled-release ability. This method is very efficient because it reduces systemic toxicity and the side-effects of parenteral antibiotics, while also yielding higher drug concentrations in the relevant tissues.
THE BONE HEALING PROCESS AND NANOTECHNOLOGY
Surfaces that contain micro-and nanoscale features in a well-controlled, "engineered" manner significantly affect cellular and subcellular function. The optimal micro/ nanostructure for desired osseointegration is still a subject of debate.
A number of novel approaches have been developed for the fabrication of biomaterial-based three-dimensional scaffolds. [32] The electrospinning method has been actively explored recently and offers ultrafine polymer fibers, a high specific surface area, and the possibility of various modifications, including mineralization of scaffolding with HA, which has been shown to reduce cellular cytotoxicity in vitro. [33, 34] The features of nanofiber mats are morphologically similar to those of the extracellular matrix of natural tissue.
The development of nanofibers has enhanced the scope of fabricating scaffolds to mimic the architecture of natural human tissues at nanoscale. The high porosity of nanofiber scaffolds provides more structural space for cell accommodation and facilitates the efficient exchange of nutrients and metabolic waste between a scaffold and its environment.
A crucial point for the success of a scaffold, especially in bone tissue engineering, is a combination of the structural/mechanical properties of a polymer structure and biological activity, both of which play a critical role in cell seeding, proliferation, and new tissue formation. The interest in temporary substitutes is that they provide mechanical support until the tissue has regenerated and remodeled itself naturally.
Kikuchi et al. [35] fabricated an artificial bone material having a bone-like nanostructure and chemical composition.
Composed of HA and collagen, the bone material was synthesized under biomimetic conditions through self-organization mechanisms between HA and collagen. The nanofibrous architecture improved the features of protein adsorption, including serum fibronectin and vitronectin, which may mediate cell interactions with scaffolds. [36] Recombinant human bone morphogenetic protein (rhBMP) is used to induce ectopic bone formation in skeletal and nonskeletal sites. [37] Many other carriers have already been reported: β-TCP, biphasic calcium phosphate, ceramics, insoluble bone matrix, collagen, PLA-polyglycolic acid copolymer, tantalum, and titanium. [38] [39] [40] [41] [42] Most carriers loaded with BMP-2 show an early burst of BMP-2 release with a reduction in retained BMP-2 to less than 10% within the first 5 days.
Previous studies, using the rabbit model of DO, have shown that the optimal rate of lengthening is 0.7 mm/day, twice-daily lengthening; [43] when lengthened faster (>1.3 mm/day) the quality of the regenerated bone is poor. Al Ruhaimi [44] suggested that shortening the duration of osteodistraction by increasing the distraction rate is unsuccessful and results in nonunion. Increasing the distraction rate together with the local application of drugs to the distraction site is an evolving area. [45] Local application of osteogenic mediators such as BMPs into the distraction site is useful; [45] however, targeting and transcutaneous injections are current problems after initiation of the distraction.
Wang et al. [46] used a rabbit model of a 1 cm tibial bone defect to study biomaterials in DO, to determine whether this could reduce the treatment time and enhance the quality of bone formation. According to their results, the combination of biomaterials with a DO technique could be a new and cost-effective means to reduce treatment time and enhance bone consolidation in the management of larger bone defects.
BMP-2 and BMP-7 have also been reported to promote bone consolidation during DO. [47] Therefore, exogenous administration of BMP may enhance DO both temporally and spatially and enable rapid distraction, thereby shortening the time to repair the bone defect. Although various biomaterials have been used as injectable delivery systems in DO models, little has been reported on the use of nanobiomaterials as carrier materials for the sustained release of growth factors in bone regeneration.
The most widely explored osteogenic factors are the members of the transforming BMP-2 family, which have all been shown to augment the bone-forming capacity of osteoblastic cell populations when delivered at the appropriate times in the wound-healing cascade. [48] Unfortunately, these factors have been shown to be a challenge to formulate and deliver, owing to their complex tertiary structures, short biological half-lives, and possible systemic toxicity.
Efficient delivery of the osteogenic molecules in vivo can be achieved by incorporating them into a carrier, which can be implanted directly into the defect site. This method results in localized drug delivery and reduces possible toxic systemic effects. Synthetic polymers are attractive for this application as they can be fabricated to exact specifications, allowing for the fine-tuning of the physical properties that influence drug release, as well as their rate of degradation. For controlled release, osteogenic factors can be incorporated directly into the polymer component of poly-hydroxy acid matrices through a number of techniques, [49] and their final release can be modulated by parameters such as pore size and protein loading of the matrix. [50] Haidar et al. [50] studied the effect of an early single injection of biodegradable core-shell nanoparticles loaded with various low doses of recombinant human BMP-7 (rhBMP-7/rhOP-1) on new bone regeneration and consolidation in a rabbit model of tibial DO. According to their results, the use of nanoparticles maintains the bioactivity of the encapsulant, minimizes the therapeutic doses of rhOP-1, and accelerates DO via its localized release-controlled osteogenic, and naturally biocompatible polymeric properties.
Elimination of the external frame distraction device can itself improve the results of osteodistraction [ Figures 2-5] . Konaş et al. [51] developed an internal distractor that allows local intermittent BMP-2-containing chitosan hydrogel infusion to the distraction site during distraction. According to their results, distraction with an osteoinductive drug-releasing distractor can increase ossification in DO. Moreover, chitosan is biocompatible, and its particles act as bony extracellular matrix elements and integrate with the tissue. In the authors' own experience, chitosan-alginate scaffolds were superior to 
OSTEODISTRACTION AND NANOTECHNOLOGY DRUG-RELEASE SYSTEMS
One area of focus in nanotechnology is the delivery of osteogenic factors in an attempt to modulate the formation of bone. Research has focused on the use of biodegradable materials as scaffolds for cellular ingrowth, cell transplantation, or the delivery of therapeutic molecules as methods for regenerating osseous tissue.
Since Urist et al. [52] demonstrated that glycoproteins extracted from demineralized rabbit could induce bone formation in ectopic sites in tibia matrix from rabbits and mice, tremendous advances have been made in the development of recombinant growth factors, proteins, and peptides for the regeneration of bone tissue. These factors have been shown to induce bone formation within a defect without the use of a carrier, but their relatively short half-lives necessitate the use of significant amounts of protein.
To increase the in vivo efficacy as well as reduce the quantities needed, the development of carriers capable of controlled, sustained delivery of proteins and peptides is desirable. In order to minimize surgical intervention for the implantation of controlled-release scaffolds, the development of materials that can be injected and cross-linked in situ would be desirable.
DO is characterized by the formation of new bone between two osteotomized bone segments, which are separated by gradual traction. The consolidation period represents the time needed for a complete bridging of the distraction gap by bone and a further maturation of this bone. In general, the bone consolidation phase takes approximately 6-12 weeks in the craniomaxillofacial region and 3-6 months in long bones. [53] Various methods have been tested to promote bone formation in the distraction gap, e.g. electrical and mechanical stimulation, [54] transplantation of osteoblast-like cells, [55] administration of growth factors such as bone morphogenetic proteins, or fibroblast growth factor 2. [56] Another procedure to accelerate bone regeneration involves the application of osteogenic proteins in the distraction gap using nanotechnology-fabricated drug-release systems. [57] Much research effort has been committed to the investigation of ordered mesoporous silica materials in the biomedical field for two main reasons: their ability to regenerate bone tissue [58] and their drug delivery possibilities. [59] When these silica-based ordered mesoporous materials are exposed to the physiological environment, a series of chemical reactions take place in the material-living tissue interface, which lead to incorporation of the material into the living tissue.
Available pore volume and surface play a key role in the protein-loading capacity of silica-based ordered mesoporous materials. If large biomolecules, such as certain proteins, are targeted to be adsorbed in ordered mesoporous materials, these matrices should present several characteristics: (1) a large size pore size to allow diffusion; (2) a large surface area to allow a large retention percentage; (3) and a high pore volume to offer available space into the mesopores to be filled by the protein.
Several natural and synthetic polymers have been explored for use as delivery vehicles for bone-inductive molecules. The poly (α-hydroxy acid) family of polymers, including PLA, poly (lactic-co-glycolic acid) (PLGA), and their copolymers, have been the focus of much of this research as they are biocompatible, undergo controllable hydrolytic degradation into natural metabolites, and can be processed into many forms. [60] In addition, microparticles of PLA and PLGA have been used to deliver many factors, including transforming growth factor 1 and BMP-2, into osseous defects. [61] Finally, porous PLGA scaffolds have also been developed to provide support for cellular migration. Some of this work focused on the adsorption of therapeutic agents onto prefabricated scaffolds, but control of the factor's release kinetics was found to be limited with this technique.
FUTURE CHALLENGES
Bone growth and remodeling involves a plethora of growth factors, recruitment of mesenchymal stem cells, and the action of three different mature cell types (osteoblasts, osteocytes and osteoclasts) as well other factors that are yet to be revealed. To move to the next developmental phase of nanobiomaterials science, it is critical to understand the cellular and molecular basis governing the interaction between nanostructure and cells.
It has become more apparent that nanomaterials hold much promise for bone regeneration applications, and this warrants further exploration. The endpoint is limited only by the extent of our imaginations.
